Summary
to generate distinct fo changes within these constraints is set by the resolution of the neural control. In contrast to the well-described neural circuitry underlying song learning [3] , we know surprisingly little how the motor pool controlling the songbird syrinx is organized [4] . 50 Furthermore, even though birdsong is often called a fine-motor skill [13, 14] and perturbed auditory feedback can drive small fo changes [15, 16] , the control resolution of acoustic features remains unknown. Motor control of any behavior is limited to the minimal force step available when activating muscles, which is set by the number and size distribution of MUs and muscle fiber 55 specific force generation [1] . A MU is the basic functional unit of skeletal muscle and consists of a motor neuron and the number of muscle fibers it innervates, aka the innervation number (IN) . Variation in IN, muscle specific force and spike rate are the most significant factors to contribute to differences in MU force in skeletal muscles [1] . Currently, we do not know the minimal force step available in vocal motor control and how MU recruitment causes changes 60 in vocal output in songbirds.
The songbird syrinx motor pool has the highest control resolution possible
We quantified the mean IN (INmean) of syringeal muscles in male zebra finches by counting i) the number of muscle fibers and ii) the number of axons in the supplying ipsilateral nerve single superfast syringeal muscle fiber. Such one-to-one innervation has to our knowledge only been reported for monkey extraocular muscle [24] and one motor neuron of the mouse interscutularis muscle [25] and provides the nXIIts motor pool with the highest control resolution possible in the vertebrate nervous system. 100 500 Hz stimulations. E) Po for syringeal muscles is 30-60x lower than skeletal muscles. VTB; musculus tracheobonchealis ventralis, DTB; musculus tracheobonchealis dorsalis. F) Po does not differ significantly between muscles (ANOVA: F = 0.24, df = 2 and 14, p = 0.79) G) Maximal force per muscle. H) Single fiber twitch force is not significantly different between muscles (ANOVA: F = 0.997, df = 2 and 14, p = 0.39)
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Songbird syringeal muscles generate the lowest stress
The other determinant of MU force is set by muscle-specific intrinsic properties, particularly the stress (P), a fiber generates. Stress ranges from the peak stress during the all-or-none twitch contraction (Ptw) caused by a single motor neuron spike, up to the maximum stress 130 during tetanic contraction (Po) caused by spike trains of the motor neuron. Because syringeal muscles are superfast muscles that can power movement up to 200 -250 Hz [26] , they trade force for speed as a fundamental architectural trait [27, 28] and are expected to have low Po. Indeed, pigeon syringeal muscles generate a Po as low as 18 -50 mN/mm 2 [29] , 5 -10 times lower as regular skeletal muscle fibers (~150 -300 mN/mm 2 ) [30, 31] ( Fig  135  2 ), but the Po of songbird syringeal muscles is unknown. We measured stress generated by syringeal muscles on isolated fiber bundles in vitro for twitch (Ptw) and tetanic (Po) contractions after a series of length and stimulus amplitude and frequency optimizing experiments (Fig 2A-D) . We focused on the ventral syringeal muscle (VS) that predominantly controls fundamental frequency (fo) or pitch [32] [33] [34] . 140
Because VS fibers proved difficult to isolate, we added two other syringeal muscles that control airflow though the syrinx [35] . Po did not differ between syringeal muscles and measured 5.21 ± 6.04 mN/mm 2 (range = 0.64 -15.4 mN, n = 5) for VS and 5.97 ± 4.46 mN/mm 2 (range = 0.64 -15.4 mN, n = 17) for all muscles combined ( Fig 2F) .
Combining Ptw, Po, cross-sectional area (CSA) and the number of muscle fibers for each 145 muscle (Table S1 ) provides the maximum force (tetanic stimulation) produced by the entire muscle ( Fig 2G) and the minimum force (single twitch) per single muscle fiber ( Fig 2H) . As such, on average VS force ranged from an average of 0.86 ± 1.00 µN (single twitch in a single fiber) up to 5.31 ± 6.16 mN (full tetanic contraction of the entire muscle). The Po of syringeal muscles is 2 and 3 times lower than Po of superfast muscles found in bat 150 (9.4 ± 4.2 mN/mm 2 ) (See Methods) and toadfish (15 -24 mN/mm 2 ) [36, 37] , 4 times lower than pigeon syrinx muscles [29] , 30 times lower than zebra finch flight muscles [38] , and up to 60 times lower than mammalian limb muscles [30, 31] . Thereby syrinx muscles have the lowest Po of any vertebrate skeletal muscle to our knowledge. 155 Table S2 ). Short vertical lines indicate statistical breakpoints between linear and exponential curve fits. Colors identify individual birds. D) Distribution of the number of MUs within VS per force and fo step available during maximal (tetanic) and E) minimal (twitch) force development.
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Syringeal MUs provide sub-Hertz resolution control of fundamental frequency
To study the effect of MU recruitment on vocal output, we focused on the control of fo, an important cue in vocal communication [11] . In birds, analogous to mammalian vocal fold vibrations, expiratory airflow from the bronchi induces self-sustained vibration of vocal fold-170 like structures, the labia, within the syrinx [39]. In zebra finches, radiated sound pulses are tightly associated with labial collision within the vibration cycle and labial vibration frequency thus directly sets fo [33] . When VS shortens, it lengthens the labia and nonlinearly increases their stiffness perpendicular to the expiratory airflow [12] . Together, this stiffness and length increase change the labial resonance frequency, which predominantly increases the labial 175 vibration frequency [10, 12, 40] . By these mechanisms VS force controls fo, and indeed VS multiunit EMG activity in vivo positively correlates to fo [32, 34] , and VS stimulation ex vivo causes fo increase [33] . However, it is unknown how the MU force distribution in VS drives changes in fo.
To quantify the effect of VS force on fo, we developed an in vitro paradigm that allowed 180
for servo-controlled actuation of muscle insertion sites, combined with simultaneous measurement of muscle shortening and force, during sound production in the syrinx ( Fig 3A, See Methods). Labial vibration and sound production were induced by increased bronchial and air sac pressure, while actuating the VS insertion site up to 12% shortening of the VS muscle length ( Fig 3B) [12]. Frequency transforms linearly with VS force over the full VS 185
force range of 0 -5.31 mN in three out of five preparations ( Fig 3C, Table S2 ). Because the mechanical properties of the labia are nonlinear [12, 41] , this linearization of force to fo transformation is surprising and perhaps due to boundary conditions at the edges. We propose this 190 linearization as a beautiful example of morphological computation, where the body locally computes solutions to simplify motor control [42] .
Combining the MU distribution, Ptw, and Po with the muscle force to fo transform, we estimated the force and fo distribution available to zebra finches ( Fig 3D, E) . Recruitment of the largest, single, MU containing 15 muscle fibers by full tetanic contraction leads to a mean 195 VS force and fo increase of 73 µN and 4.2 Hz, respectively ( Fig 3D) . Recruiting one of 37 MUs containing a single muscle fiber with a single spike leads to a mean VS force increase of a mere 0.85 µN and fo increase of 50 mHz. Maximally recruiting all smallest MUs provides the finest fo gradation within a range of 10 Hz, and all second smallest MUs a range of 26 Hz. Taken together, we show that the syringeal muscle motor pool has the highest control 200 resolution possible in the vertebrate nervous system. Combined with the lowest muscle specific stress known in any vertebrate muscle, it allows fo control from as small as 50 mHz to 4.2 Hz steps during sound production.
Behavioral selection on resolution drove small MUs 205
The fine resolution motor control of fo our data suggests is behaviorally relevant. Zebra finch [43] and Bengalese finch males [16] can drive fo changes below 1 Hz, respectively, by altered auditory feedback, which corresponds to our estimate of full activation of a single muscle fiber MU. Such small fo changes could thus be driven by recruitment of one additional single fiber MU. Moreover, zebra finch females are not only capable of detecting acoustic 210 fine structure [44] and small fo changes below 1 Hz [45], they importantly also base their mating decision on those [46] . From a motor control perspective, this suggests a strong selection for small force steps, which can be achieved by small MU sizes combined with low specific force. As a result of the selection on muscle speed, muscle specific force reduces significantly due to architectural constraints of skeletal muscles [27] . Thus, if the force per 215
MU should remain constant and specific force reduced 20 times, MUs could have become 20 times larger to compensate for the force-speed trade-off. However, instead we observe extremely small MUs (13 -17% of all MUs are innervated one-to-one), which strongly suggests an additional selection for small MUs. MU innervation numbers below 10 are on the extremely low end of MU sizes in 220 vertebrates, and have so far only been reported for laryngeal [19, 47] , extraocular [20, 24] and ear muscles [25] . Interestingly, all those muscles belong to the craniofacial lineage [27] suggesting that their developmental origin might predispose them or even provide unique access to low MU sizes. Thus, developmental origin may in part explain the ability to achieve fine force gradation through small MUs. 225
Fine-resolution motor control in songbirds allows vocal space differentiation
Songbirds have radiated explosively ~40 MYA ago [48] , which has been attributed to two key events. First, the evolution of syrinx morphology that may have allowed uncoupled control of specific acoustic features, such as fo and amplitude [9, 49] , thereby vastly 230
increasing the possibilities or feature space of syllables produced. Second, the evolution of specialized neural circuitry that allowed vocal imitation by trial-and-error learning [3] providing means to explore the vast control space. However, to precisely control their vocal organ to execute trial-to-trial variability, songbirds need fine gradation of force. The songbird syrinx morphology is highly conserved [50] and has comparable numbers of muscle fibers 235
[17] and motor neurons [51] across a wide range of songbird species, which suggests that all songbirds have access to small MUs. We suggest that small MUs were a crucial third key innovation to allow for the fine control of song, one that was pivotal to successfully expanding the acoustic feature space of songbirds, and impetus for the adaptive radiation of today's roughly 5,000 species of songbirds. 240
Material and Methods
Animal use and care. Adult male zebra finches (Taeniopygia guttata) were kept in group aviaries at the University of Southern Denmark, Odense, Denmark on a 12 h light:dark 255 photoperiod and given water and food ad libitum. All experiments were conducted in accordance with the Danish law concerning animal experiments and protocols were approved by the Danish Animal Experiments Inspectorate (Copenhagen, Denmark).
Syrinx extraction. Animals were euthanized by Isoflurane overdose (Baxter, Lillerød, 260
Denmark). The syrinx was dissected out through a ventral incision along the sternum, with regular flushing with oxygenated Ringer's solution, and submerged in a bath of oxygenated Ringer's on ice upon removal [29] .
Muscle fiber and motor unit counts. To measure the innervation ratio of syrinx muscles, 265
we counted the number of muscle fibers and axons in the syrinx and tracheosyringeal branch of the hypoglossal nerve (NXIIts) of 8 adult male zebra finches. NXIIts also contains a fraction of sensory fibers, but as they only make up 1% of all axons, we did not correct for them [18] . The syrinx was fixed in 4% PFA in PBS (w/v) for 24 h while keeping the rostro-caudal axis 270 straight. Subsequently it was kept in PBS for 24 h and then embedded in Tissue-Tek O.C.T compound (Sakura Finetek), frozen and stored at -80°C until further processing. All specimen were cut into 10 µm serial cross-sections using a cryotome (Leica CM1860). Immunostainings were performed according to standard protocols using primary antibodies raised against Laminin (10 µg/ml, polyclonal rabbit-anti-Laminin, Sigma-Aldrich Cat# L9393, 275 RRID: AB_477163) and Neurofilament (5 µg/ml, monoclonal mouse-anti-Neurofilament, Millipore Cat# CBL212, RRID: AB_93408) to delineate fiber-boundaries and axons, respectively. Co-labeling was visualized using donkey-anti-mouse-Alexa-Fluor-568 (Abcam Cat# ab175700) and donkey-anti-rabbit-Alexa-Fluor-488 (Abcam Cat# ab150061, RRID: AB_2571722). Slides were coverslipped with Vectasshield mounting medium (Vector 280
Laboratories Cat# H-1000, RRID: AB_2336789) and sealed with transparent nail polish. Images were acquired with a Zyla sCMOS camera (AndorTM Technology Ltd, Northern Ireland) mounted on a Nikon Eclipse Ti inverted microscope with automated XY-stage. To count the number of muscle fibers, we acquired images from sections with a 20x objective directly rostral of bronchial bone B2, a cross-sectional plane where all muscle fibers are 285 present. To cover the entire syrinx cross-section, we acquired 600-800 images in random order and stitched them together with NIS-Elements (Nikon). Muscles were counted on 10x bicubic down-sampled images (minimal image size: 5314x4293 pixels). Axons were counted in images acquired with a 100x objective from sections in the region of tracheal ring T4-T6 (minimal image size: 2561x3996 pixels). Counts were presented as the averaged of counts 290 by three independent observers (IA, AM, BJ) using the ImageJ (ImageJ, RRID:SCR_003070) Cell Counter plugin.
MU size distribution estimates. We exploited the fact that the frequency distribution of MU size or MU force is consistently skewed for all muscles studied to date [21] [22] [23] to estimate 295 the distribution of MUs within syringeal muscles. The MU size frequency distribution follows the exponential curve:
where yi is the innervation number of MU i, y1 is the innervation number for the smallest MU (unit 1), n is the number of MUs, and R is the ratio of innervation numbers for the largest 300 and smallest unit:
. This relation allowed us to calculate the number of muscle fibers within the muscle (NMF) for a given maximum MU size as = ∑ =1 . Thus, by knowing NMF for a muscle, we can calculate the maximum MU size and MU frequency distribution. 305
Muscle specific tension. We characterized muscle specific tension of the musculus syringealis ventralis (VS; n = 5), musculus tracheobonchealis ventralis (VTB; n =5 ), and musculus tracheobonchealis dorsalis (DTB; n = 7) of adult male zebra fiches on preparations of isolated muscle fiber bundles as previously described [53] . In brief, fiber bundles were mounted in a temperature-controlled bath, which was continuously supplied 310
with oxygenated Ringers solution. The rostral end of the preparation was fixed to a force transducer (Model 400A, Aurora Scientific) and the caudal end to a micromanipulator, which was used to control length of the preparation. Field stimulations were applied using platinum electrodes. Force and stimulation signals were low pass filtered (EF120 BNC through-feed low-pass filter, Thor Labs) and digitized at 40 kHz (NI DAQ Board PCI-MIO-16E4, National 315
Instruments). The force baseline was defined as the average amplitude of 50 ms of the force signal prior to stimulation onset and subtracted from all force data.
To measure Po, we optimized first stimulation amplitude (at pulse width of 300 µs) for maximal force production, followed by tetanic force frequency curve by 100 ms pulse trains ranging from 100 to 800 Hz in 100 Hz steps, and finally resting length Lo. Isometric stress 320
was calculated as F/Acsa of the muscle, where the cross-sectional area Acsa was estimated from the resting length Lo and the dry weight (dry-wet conversion factor: 5) of the muscle fibers assuming a constant density of 1060 kg/m 3 from [54] . Muscle specific force was calculated using the average CSA as in Table S1 . Similarly, the force per muscle fiber was obtained by dividing the muscle specific force by the average number of muscle fibers as in 325  Table S1 . We determined the Po of bat superfast laryngeal muscle by re-analyzing previously published data [55]. All control software was written in MATLAB (MathWorks, RRID:SCR_001622) and all analyses were performed in R (R Project for Statistical Computing, RRID:SCR_001905). 330
In vitro sound production. We developed an experimental paradigm that allowed for sound production in vitro building on earlier work. Previously, we induced syringeal sound production by precisely controlling bronchial and air sac pressure in vitro or in perfused preparations ex vivo [33] . Additionally, we developed methods to actuate muscle insertion 335 sites but without inducing sound [12] . Here we further developed our experimental chamber and combined sound induction by pressure control with the actuation of a single syringeal muscle insertion site and force measurements. In brief, directly after syrinx extraction, the musculus syringealis ventralis (VS) was removed while the syrinx was still submerged in Ringers solution. The syrinx was then moved to the experimental chamber and a 10-0 340 suture needle was inserted through the center of the bottom edge of the medio-ventral cartilage (MVC) pads. The mono-filament suture was threaded through a 100 µm hole and attached to a servomotor (Ergometer model 322C, Aurora Scientific) that controlled length while measuring force at the tip of the lever arm (displacement and force resolution 1 μm and 0.3 mN, respectively). To induce sound, we applied pressure differential over the 345 syringeal labia (air sac pressure 2.0 kPa, bronchial pressure 1.0 kPa) using dual-valve differential pressure PID controllers (model PCD, 0-10 kPa, Alicat Scientific). Next, we actuated the MVC in a 500 ms ramp from 0 to maximally 12% of the VS length [12], and measured the corresponding shift in fo in 5 syrinx preparations. Sound was recorded with a ½-inch pressure microphone-pre-amplifier assembly 350
(model 46AD with preamplifier type 26AH, G.R.A.S., Denmark), amplified and high-pass filtered (10 Hz, 3-pole Butterworth filter, model 12AQ, G.R.A.S.). The microphone sensitivity was measured before each experiment (sound calibrator model 42AB, G.R.A.S.). The microphone was placed at 2 -3 cm from the tracheal connector outlet in the acoustic near field, and on a 45° angle to avoid the air jet from the tracheal outlet.
355
Microphone, pressure, force, and displacement signals were low-pass filtered at 10 kHz (EF120 BNC through-feed low-pass filter, Thor Labs) and digitized at 50 kHz (USB 6259, 16 bit, National Instruments). We calculated the mean values for pressure, force and displacement signals in 2 ms bins with a 1 ms sliding window. To calculate fo for each bin, we used the Yin algorithm [56] within a frequency range of 350 -1300 Hz, and aperiodicity 360 threshold between 0.1 -0.2. All control and analysis software was written in Matlab (MathWorks).
Statistics.
All analyses were performed in MATLAB (MathWorks, RRID:SCR_001622) or R (R Project for Statistical Computing, RRID:SCR_001905). All values are presented as 365 mean ± SD. The Welch Two Sample t-test was used to test for significant differences between left and right NXIIts axon and muscle fiber numbers. Root innervation numbers were pooled across left and right syrinx halves when not significantly different (p>0.05). Statistical difference between force production by VS, VTB and DTB muscles was assessed using ANOVA. 370
The VS force (x) -fo (y) transformation was modeled with a linear model at low force and an exponential model at high force [57] :
where 0 is the linear limit. To satisfy the continuous and differentiable requirements, we 375 set + 0 = 0 and = 0 , and thus the linear limit is 0 = 1 − . The parameters were determined by iteratively optimizing the model fit minimizing least squares using the MATLAB routine lsqcurvefit. 
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